Background Marijuana intoxication appears to impair response inhibition, but it is unclear if impaired inhibition and associated brain abnormalities persist after prolonged abstinence among adolescent users. We hypothesized that brain activation during a go/no-go task would show persistent abnormalities in adolescent marijuana users after 28 days of abstinence. Methods Adolescents with (n=16) and without (n=17) histories of marijuana use were compared on blood oxygen level dependent (BOLD) response to a go/no-go task during functional magnetic resonance imaging (fMRI) after 28 days of monitored abstinence. Participants had no neurological problems or Axis I diagnoses other than cannabis abuse/ dependence.
Introduction
Many individuals first experiment with alcohol and drugs during adolescence (SAMHSA 2003) , and marijuana is the most commonly used illicit substance among teenagers (Johnston et al. 2005) . Nearly half of 12th graders have tried marijuana, and 6% disclose daily use (Johnston et al. 2005) . Adolescence is also a period of continued neurodevelopment, including frontal lobe myelination and synaptic pruning that subserve improved executive functioning (Gogtay et al. 2004; Sowell et al. 2002) , including abilities such as decision making, inhibitory processing, and impulse control. The influence of marijuana use on these maturational processes is unknown, although executive dysfunction may affect the development and maintenance of substance use and problems during adolescence (Tapert et al. 2002a) .
Adults with heavy marijuana use histories have demonstrated abnormalities in executive functioning (Fletcher et al. 1996; Pope and Yurgelun Todd 1996; Solowij et al. 2002) and indices of frontal lobe operation (Block et al. 2000; Kanayama et al. 2004; Lundqvist et al. 2001; Solowij et al. 1991 Solowij et al. , 1995 Struve et al. 1998) . To determine if cognitive deficits in marijuana users are transient or persistent, Pope et al. (2001) tested 63 current marijuana users (>5,000 lifetime uses), 45 former users (>5,000 lifetime uses), and 72 normal controls (1-50 lifetime uses), all ages 30-55. Participants were abstinent for 28 days, verified by urine drug screens and given neuropsychological tests on days 0, 1, 7, and 28 of abstinence. Current users showed some deficits relative to controls on days 0, 1, and 7, but groups did not differ on any test by day 28. In contrast, a study (Bolla et al. 2002 ) that hospitalized 22 marijuana-using adults (>2 years of marijuana use) for 28 days to assure abstinence found greater marijuana intake linked to poorer performance on tests of inhibition, problem solving, learning, and reaction time.
Disinhibition, i.e., the impaired ability to inhibit a potentially inappropriate response, is a common feature of substance misuse (Chen et al. 2007 ; Kamarajan et al. 2006 ; Kirisci et al. 2006; Verdejo-Garcia et al. 2006) . Neuroimaging studies have reported both prefrontal and posterior parietal cortical involvement during inhibitory processing in healthy volunteers (Liu et al. 2004) , which may be overactive in populations with impulse control problems (Schulz et al. 2004) .
Few studies have examined inhibitory processing in marijuana users. Functional magnetic resonance imaging (fMRI) characterized the neural correlates of inhibition during a Stroop task, in which heavy marijuana-using adults and non-users were asked to inhibit the automatic process of reading words and, instead, name the colors of words printed in incongruent ink (Gruber and YurgelunTodd 2005) . Marijuana users not only showed greater midcingulate and reduced anterior cingulate blood oxygen level dependent (BOLD) response but also more widespread bilateral dorsolateral prefrontal activation during inhibition relative to color naming trials. The investigators speculated that the altered activation pattern in marijuana users reflects compensation and use of alternate strategies. The same investigators had shown in a previous fMRI study using a working memory task before and after a 28-day abstinence period (Yurgelun-Todd et al. 1998 ) that adult users demonstrated less prefrontal and more anterior cingulate response than controls after just 24 h of non-use. Although users showed some normalization of prefrontal functioning after 28 days of abstinence, they still showed anterior cingulate dysfunction, which is supportive of persisting neural processing abnormalities. These results support the hypothesis that adult marijuana users show abnormal neural inhibitory processing, compensatory hyper-activity, and altered neural processing differences in the absence of the intoxicating agent.
Few studies have examined neurocognitive effects of marijuana use among adolescents, but some reports identified decrements in attention (Tapert et al. 2002b) , and learning and memory (Millsaps et al. 1994; Schwartz et al. 1989 ) associated with early marijuana use. We previously demonstrated increased dorsolateral prefrontal and decreased inferior frontal fMRI response during a spatial working memory task among teens with comorbid alcohol and marijuana use disorders compared to those with alcohol use disorders alone and to non-using controls, suggesting a marijuana use-related increase in dorsolateral prefrontal effort (Schweinsburg et al. 2005b) . However, most studies of adolescent marijuana users were conducted after several days of abstinence, so effects could be transitory. Jacobsen et al. (2004) addressed this concern by evaluating seven adolescent marijuana users, seven demographically similar tobacco smokers, and seven non-users with a working memory task during fMRI acquisition after about a month of abstinence. Marijuana users were less accurate on the task and showed increased BOLD response in the right hippocampus relative to other groups. The authors suggested that marijuana users might have failed to inhibit hippocampal activity during the task, perhaps due to cannabis-induced changes in inhibitory neurotransmission or apoptosis in the hippocampus. These researchers then compared 15 adolescents with and 18 without histories of cannabis use during nicotine withdrawal. Cannabis users, but not non-users, showed nicotine withdrawal-precipitated increases in parietal activation and disruptions in frontoparietal connectivity during a verbal working memory task (Jacobsen et al. 2007 ). Collectively, existing data indicate some executive impairment and neural dysfunction associated with adolescent marijuana use, although the neural substrates specific to inhibitory processing have not yet been examined in teenage marijuana users.
In the current study, we performed BOLD fMRI during a go/no-go task to characterize response inhibition among adolescent marijuana users and non-using controls. Because studies of marijuana-using adults have suggested improvements in cognitive and neural functioning after 28 days of abstinence (Pope et al. 2001) , we required participants to complete 28 days of monitored abstinence before scanning to ensure that any group differences were not due to recent use. The go/no-go task (Anderson et al. 2005; Schweinsburg et al. 2004b ) was designed to assess inhibitory processing by asking participants to withhold a response to an infrequently occurring stimulus. Previous studies have observed activation in dorsolateral prefrontal, inferior frontal, anterior cingulate, and posterior parietal regions among adolescents using this task (Anderson et al. 2005; Schweinsburg et al. 2004a ) and similar inhibition paradigms (Adleman et al. 2002; Luna et al. 2001; Tamm et al. 2002) . Based on findings of response inhibition among teenagers and marijuana-using adults, we predicted that abstinent marijuana-using adolescents would demonstrate increased prefrontal and decreased cingulate response compared to non-using controls during inhibition trials.
Materials and methods

Participants
Participants were 16-to 18-year-olds enrolled in an ongoing study of adolescents recruited from local high schools and colleges (Medina et al. 2007a, b; Nagel et al. 2006; Schweinsburg et al. 2005a) . Sixteen adolescents were marijuana users (MJ) with at least 60 lifetime episodes of cannabis use and limited histories of other drug use, and 17 adolescents were demographically similar non-using controls (see Table 1 for demographic characteristics) with less than five lifetime episodes of cannabis use. Written assent and consent were obtained from adolescents and their parent/legal guardians in accordance with the University of California San Diego Human Research Protections Program. Eligibility was ascertained through separate, private telephone screening interviews with the youth and the parent. Exclusionary criteria included left handedness; history of head injury with loss of consciousness >2 min, learning disabilities, medical or neurological problem, DSM-IV (APA 1994) Axis I psychiatric disorder (i.e., mood, anxiety, psychotic, attention, and conduct disorders) as assessed by the computerized NIMH Diagnostic Interview Schedule for Children Predictive Scales (DISC-PS-4.32b; Lucas et al. 2001; Shaffer et al. 2000) Youth and Parent versions, and use of any psychotropic medication; significant maternal drinking (more that two drinks on an occasion or more than four drinks in a week) or other drug use during pregnancy; family history of bipolar I or psychotic disorders determined by the Family History Assessment Module (Rice et al. 1995) ; and MRI contraindications.
MJ youth disclosed using marijuana an average of ∼500 times in their lives (see Table 1 ), and three control youth had experience with marijuana (less than five times). MJ youth used marijuana every other day on average, before being asked to remain abstinent for the 28 days before scanning. Most MJ youth were current users, as all but three used in the month before monitored abstinence. MJ users typically consumed 35 drinks per month, one cigarette per day, and had used alcohol roughly 100 times Table 1 ).
Measures
Substance use assessment Substance involvement was ascertained using the Customary Drinking and Drug Use Record (Brown et al. 1998) , an interview that obtains information on lifetime and past 3-month use of marijuana, alcohol, nicotine, other illicit drugs, and misuse of prescription and over-the-counter medications, and negative consequences associated with substance use. Strong internal consistency, test-retest, and inter-rater reliability have been demonstrated with adolescents (Brown et al. 1998; Stewart and Brown 1995) . The Fagerstrom Test for Nicotine Dependence (FTND; Heatherton et al. 1991) indicated that no participant was dependent on nicotine. The Timeline Followback (Sobell and Sobell 1992) collected details on substance use patterns for the month before and during the 28-day abstinence period.
Mood The Beck Depression Inventory (BDI; Beck 1978) and state scale of the Spielberger State Trait Anxiety Inventory (STAI; Spielberger et al. 1970 ) assessed mood 30 min before scanning.
Psychopathological syndromes
Continuous indices of level of internalizing and externalizing psychopathological syndromes were assessed by the 113-item Child Behavior Checklist (CBCL; Achenbach and Rescorla 2001), administered to parents (typically biological mothers) covering youth behaviors in the past 6 months. Eight-factor T scores (rulebreaking behavior, aggressive behavior, withdrawn/depressed, anxious/depressed, somatic complaints, attention problems, social problems, and thought problems) and summary T scores (externalizing, internalizing) are provided.
Personality Disinhibition and substance use may relate to personality traits. Thus, all participants completed the NEO Five-Factor Inventory (NEO-FFI; Costa and McCrae 1992), a 60-item self-report personality questionnaire that assesses five domains of personality: neuroticism, extraversion, openness, agreeableness, and conscientiousness. This factor structure has been replicated in adolescent samples (Fruyt et al. 2000) . Go/no-go task Participants performed a go/no-go task during fMRI scanning (Anderson et al. 2005; Schweinsburg et al. 2004b) . The task alternated between active blocks and resting blocks. During resting blocks, participants viewed a "+" in the center of the screen. During active blocks, a large square, small square, large circle, and small circle were presented one at a time for 200 ms every 1,500 ms. Participants were instructed to press a button as fast as possible every time they saw a shape (go stimuli) except for the small square (no-go stimulus), thus requiring response inhibition. The task lasted 6 min and 24 s. Participants additionally performed the entire task before scanning to ensure adequate comprehension of instructions and to resolve potential practice effects (Drummond et al. 2006 ).
Procedures
To confirm that participants did not use substances in the 4 weeks before scanning, all participants (controls and marijuana users) provided at least nine urine toxicology screens (two to three times per week) during these 28 days. Urine toxicology procedures can reliably detect evidence of marijuana use 4 to 25 days after last use (Fraser et al. 2002; Huestis and Cone 1998) , sometimes longer (Lafolie et al. 1991) , depending on pattern of use, body lipid content, and metabolic features. Each urine sample was evaluated for metabolites indicating recent use of cannabis, amphetamines, methamphetamines, barbiturates, benzodiazepines, cocaine, codeine, morphine, phencyclidine, and ethanol using cloned enzyme donor immunoassay (CEDIA DAU, Microgenics, Fremont, CA, USA). Observed urine sample collection procedures reduced the possibility of participant tampering. Tetrahydrocannabinol (THC) values were monitored over the 28-day period to ensure that levels decreased. Initial samples testing positive for THC metabolites were assumed to reflect residual use if values decreased with each subsequent sample collected. If levels increased or a positive screen was obtained after a negative screen, the participant was given the option to restart the 28-day screening process or be dropped from the study. Breathalyzers (AlcoSensor IV, Intoximeter, St. Louis, MO, USA) were conducted at each visit. To confirm urine results, a hair sample collected on the scan day was analyzed for THC and other drug metabolites suggestive of past month use (Psychemedics, Culver City, CA, USA). Seven users, not described in this paper, were unable to complete the 28-day abstinence protocol. In preparation for scanning, each participant lay on the scanner bed. Foam pads were arranged around the head to minimize motion. A mirror above the participant's eyes enabled viewing of a screen at the foot of the scanner bed, on which the task was rear-projected from a laptop. Behavioral responses during the task were collected through a fiber-optic button box (LumiTouch, Vancouver, BC, Canada). Imaging data were acquired on a 1.5 Tesla Signa LX (General Electric, Madison, WI, USA) system. A structural image was collected in the sagittal plane using an inversion recovery prepared T1-weighted 3D spiral fast spin echo sequence (repetition time 2,000 ms, echo time 16 ms, field of view 240 mm, 128 continuous slices, resolution 0.9375×0.9375× 1.328 mm, acquisition time 8:36; Wong et al. 2000) . During the go/no-go task, functional imaging was acquired in the axial plane using T2*-weighted spiral gradient recall echo imaging (repetition time 3,000 ms, echo time 40 ms, flip angle 90°, field of view 240 mm, 20 slices covering the whole brain, slice thickness 7 mm, in-plane resolution 1.875×1.875 mm, 128 repetitions, acquisition time 6:24).
Data analyses
Data were processed and analyzed using Analysis of Functional NeuroImages (AFNI; http://www.afni.nimh.nih. gov; Cox 1996) . First, an automated motion correction algorithm was applied to the time series datasets (Cox and Jesmanowicz 1999) . Two raters examined the time series data and removed repetitions containing residual visible head motions. If >18% of repetitions were removed, the participant was not included (n=3 not described in this paper). Groups did not differ in the number of repetitions removed (p=0.87) or absolute mean rotational or translational adjustments applied. Average rotational (roll, pitch, and yaw) and translational (superior, left, and posterior) movement, respectively, was 0.04, 0.11, and 0.05°and 0.07, 0.04, and 0.04 mm for MJ users, and 0.06, 0.12, 0.06°and 0.10, 0.04, and 0.06 mm for controls. No significant differences between groups were found for task-correlated motion (rs for the correlation between the task reference function and each motion parameter were −0.08, −0.10, −0.02, −0.11, −0.07, and −0.07 for MJ users and −0.04, −0.06, −0.04, −0.10, −0.08, and −0.06 for controls).
Next, time series datasets were deconvolved with a reference function representing the timing of go, no-go, and rest stimuli presentation over the course of the task (Ward 2002) while accounting for hemodynamic delays (Bandettini et al. 1993; Boynton et al. 1996) and covarying for motion adjustments applied and linear trends. This yielded fit coefficients representing the BOLD response for (1) inhibition (no-go) trials relative to baseline and (2) go trials relative to baseline in each voxel of the brain for each subject. Data were transformed to standard space (Lancaster et al. 2000; Talairach and Tournoux 1988) , resampled into isotropic 3.5-mm voxels, and spatially smoothed with a Gaussian filter (3.5 mm full width half maximum) to account for anatomic variability between subjects.
We determined regions of significant BOLD response differences between MJ and control adolescents using independent samples t tests in each voxel of the brain, performed separately on the BOLD response contrast for no-go and for go trials. To control for type I error, we used a combination of t statistic magnitude and cluster volume thresholding (Forman et al. 1995; Ward 1997) by only interpreting clusters comprised of at least 22 contiguously activated voxels at a<.05 (≥943 μl in volume). Anatomic localization was confirmed using the Talairach Daemon (Lancaster et al. 2000; Ward 1997 ) and AFNI (Ward 1997) .
Normality of distribution was evaluated for key variables (Tabachnick and Fidell 2007) . No outliers or non-normal distributions were found for BOLD response contrast in clusters showing group differences. However, five variables (marijuana hits per month, lifetime other drug use, cigarettes smoked per month, FTND total, and BDI total) were positively skewed and kurtotic, so were inverse transformed [i.e., 1/(1 + the skewed variable); Tabachnick and Fidell 2007] . Group comparison results were further examined in analyses of covariance (ANCOVAs) that controlled for potential confound variables that differed between groups. Follow-up regression analyses were conducted among the MJ users (n=16) to examine BOLD response contrast to no-go trials, averaged across the cluster, in the regions that continued to differentiate users from controls in the above ANCOVAs. BOLD response contrast to no-go trials was the dependent variable, and variables indexing marijuana use, other substance use, and risk factors for substance involvement were the predictors. Behavioral data were compared between groups in one-way ANOVAs (a=0.05).
Results
Behavioral measures
Groups did not differ significantly on mood state measures (see Table 1 ), but MJ users showed a trend for higher BDI scores (p=0.08). Groups were similar and in the normal range on all CBCL factor T scores, except that the MJ group was higher on Rule-Breaking Behavior (53.00±8.23 MJ, 45.21±5.19 controls, p<0.005). On the NEO-FFI, MJ youth demonstrated greater scores on Openness (44.25± 3.11 MJ, 41.18±4.88 controls, p<0.05) but were statistically equivalent on other personality scores. MJ youth committed more errors than controls on several cognitive tests: more sequencing errors across all DKEFS Trails conditions (p<0.01), more intrusion errors on a word list learning task (p<0.05), and more repetition errors on DKEFS Verbal Fluency (p<0.05).
Task performance data were available for 15 MJ and 15 control adolescents. No group differences or group by condition interactions were found. As expected, participants responded more accurately (p<.001) to go trials (98.97± 1.88% MJ, 98.70±1.62% controls) than no-go trials (82.92± 9.57% MJ, 81.64±10.73% controls). Groups were equivalent on reaction time to go trials (588.11±40.44 MJ, 606.13± 74.35 controls, p=.38). D′, a signal detection index that considers the probability of correct and incorrect responses (i.e., the ability to separate go stimuli from the no-go stimulus), was also similar between groups (3.30±0.49 MJ, 3.04±0.84 controls, p=0.54). Exit interview data showed that groups were equivalent on task effort, motivation, and perceived errors, but MJ users indicated use of more perceptual strategies (e.g., "look for the small square to show up"), while controls tended to endorse cognitive strategies ("remember to hold off when I see that shape" or "concentrate").
fMRI response Whole brain analyses showed that during inhibitory trials relative to baseline, control adolescents showed significantly increased activation in superior medial frontal cortex and the left parahippocampal gyrus, and decreased activation in bilateral posterior parietal and inferior frontal regions. MJ users also showed increased inhibition-related activation in superior frontal areas, as well as in additional regions compared to controls, including numerous left and medial prefrontal clusters, left posterior parietal cortex, and multiple bilateral cerebellar regions. MJ users showed decreased BOLD response during no-go trials relative to baseline in right posterior parietal, inferior frontal, and middle temporal cortices.
Between-group comparisons revealed several clusters in which MJ users showed significantly more BOLD response during inhibition trials than controls: right anterior superior and middle frontal gyri (BA 10, 46), right superior middle frontal gyrus extending down to the anterior insula (BA 6, 13), left anterior middle and superior frontal gyri (BA 10), medial prefrontal cortex (BA 6), right and left posterior parietal cortex (BA 7, 40) , and right lingual gyrus (BA 18; see Table 2 and Fig. 1 ). There were no clusters in which MJ users showed significantly less inhibitory brain response than controls.
For go trials relative to baseline, controls showed significant BOLD response in the bilateral ventral prefrontal cortex, bilateral medial posterior parietal cortex and cuneus, anterior cingulate, precentral gyrus, right anterior insula, and medial cerebellum. MJ users had multiple clusters of significant response to go trials relative to baseline, including increased activation in substantial portions of bilateral ventral prefrontal cortex, bilateral medial superior frontal cortex, right posterior parietal cortex, bilateral temporal cortex, anterior cingulate, precentral gyrus, left insula, and bilateral cerebellum.
Between-group comparisons indicated that MJ users had significantly more BOLD response during go trials relative to baseline than did controls in the right inferior frontal gyrus and anterior insula (BA 44, 13), right superior frontal gyrus (BA 9, 10), right superior parietal lobule (BA 7), right inferior parietal lobule (BA 40), and medial precuneus (BA 7; see Table 3 ). There were no clusters in which MJ users had significantly less go response than controls.
To determine whether the group differences reported above were due to differences in other substance use or factors that could predate marijuana use, secondary analyses using ANCOVAs separately (due to limited power) controlled for lifetime alcohol consumption, days since last drink, drinks per month, years of regular drinking, time since last cigarette, past week cigarettes per smoking day, cigarettes per month, FTND total, number of lifetime other drug use episodes, family history of substance use disorders, family history of psychiatric disorders, each NEO-FFI score, and BDI total. For all analyses, groups continued to differ on BOLD response in all clusters (p range, 0.001 to 0.0001).
To determine whether differences between groups were due to duration and intensity of exposure to THC or related to the recency of marijuana use, we conducted a series of exploratory regression analyses among MJ users (n=16). Duration of regular marijuana use was negatively related to no-go brain response in the right anterior superior frontal gyrus (BA 10; β=−0.73, p<0.001; plotted in Fig. 2) , right superior middle frontal gyrus (BA 6; β=−0.58, p<0.025), and left anterior superior frontal gyrus (BA 10; β=−0.58, p< 0.025), suggesting that youth with longer durations of marijuana involvement had less no-go brain response. Similarly, early age of onset of regular marijuana use (β= 0.66, p<0.01) and more lifetime marijuana use episodes (β=−.62, p<0.025) related to less inhibitory response in the right anterior superior frontal gyrus (BA 10). Typical number of marijuana hits per month also was negatively related to brain response in the right anterior superior frontal gyrus (BA 10; β=−0.73, p<.005), right superior middle frontal gyrus (BA 6; β=−0.71, p<0.005), left anterior superior frontal gyrus (BA 10; β=−0.68, p<0.01), and left posterior parietal cortex (BA 40; β=−0.62, p< 0.025). Days since last marijuana use (range, 28 to 240), age, and neuropsychological test performance were not associated with brain response in any region demonstrating a group difference. Number of lifetime other drug use episodes (primarily pain medications) was positively associated with BOLD response contrast to no-go trials in the right anterior superior frontal gyrus (BA 10; β=0.57, p< 0.025) and right middle frontal gyrus (BA 6, β=0.56, p< 0.025). All analyses were re-run controlling for lifetime other drug use and remained unchanged except that hits per month no longer significantly predicted BOLD response.
Discussion
In this study, marijuana-using adolescents showed increased BOLD response during both inhibitory and non-inhibitory trials of a go/no-go task, even after a 28-day washout period of abstinence from cannabis, as compared to control adolescents with limited substance use histories. Differences were prominent in dorsolateral prefrontal and parietal areas. Our findings with adolescent marijuana users extend those of others (Gruber and Yurgelun-Todd 2005) , who Fig. 1 Inhibition trial differences in BOLD response contrast between marijuana-using (n=16) and non-using (n=17) adolescents after 28 days of monitored abstinence. Blue areas show where users had more significantly BOLD response during inhibition (no-go) trials relative to baseline than non-users (p<0.05, clusters >943 μl); no clusters in which users showed significantly less activation than controls were found (see Table 2) showed that adult marijuana users exhibited increased prefrontal response during inhibition tasks. The present results thus suggest that the effects of cannabis use on brain function in adolescents may persist after a period of abstinence. A pattern of increased activation yet comparable performance is consistent with functional compensation and dedifferentiation (Rajah and D'Esposito 2005) , which supposes that loci of functional activity are spread to more and larger regions. Therefore, adolescent marijuana users appear to recruit more neural tissue in executive control areas to adequately perform the task, which is consistent with other studies showing increased dorsolateral prefrontal activation in MJ users during inhibition (Gruber and Yurgelun-Todd 2005) and other (Schweinsburg et al. 2005b ) cognitive tasks. Repeated cannabinoid use may alter neuromaturation in regions with high CB1 densities, such as prefrontal cortex (Eggan and Lewis 2007) . Synaptic pruning and gray matter sculpting occurs late in some of the regions showing increased BOLD signal among users, such as bilateral dorsolateral prefrontal cortex, where cortical thickness peaks at age 11.5 on average (Gogtay et al. 2004; Sowell et al. 2003) . If prefrontal synaptic pruning is slowed by adolescent marijuana use, greater activation may reflect excess neural firing caused by a larger number of synaptic links.
In their study of heavy marijuana-using adults, Gruber and Yurgelun-Todd (2005) reported that heavy users had increased prefrontal response to an inhibition task, as seen in this study of adolescents, but also showed reduced anterior cingulate response, which we did not observe in this study. One possible explanation for this difference is the duration of marijuana use in our cohort. It may take a longer period of use to evidence such changes in cingulate responding. The increased parietal activation among marijuana-using adolescents is consistent with findings from Jacobsen et al. (2007) of heightened parietal response in marijuana-involved youth during a verbal working memory task while undergoing nicotine withdrawal, although here, nicotine use rates were relatively low. As right dorsolateral prefrontal and parietal regions have been implicated in sustained attention (Drummond et al. 2005) , perhaps, users had a greater cognitive load associated with attending to the stimuli in general and in identifying the no-go stimulus in particular. Both go and no-go trials require sustained attention, and overlap was observed for the right prefrontal/insular and parietal regions where users showed greater BOLD response than controls for both conditions. Adolescents with later onsets (age, 16-18) and briefer durations (1-2 years) of regular marijuana use showed the greatest divergence from normal controls in BOLD response to the inhibition trials. Similarly, Chang et al. (2006) reported that adults who started marijuana use in late adolescence had more frontal activation during a visual attention task than adults who started in early adolescence. Although our data do not address the molecular mechanism of this difference, we can speculate about the nature of this finding. For example, increased prefrontal activation during an inhibitory task in adolescent users with a more recent onset may reflect a stage of neural and behavioral compensation. This compensatory response may occur within the first few years of regular adolescent marijuana use and may later be followed by neuroadaptation or other processes, possibly related to downregulation of cannabinoid (CB1) receptors. Therefore, an inverted U-shaped response pattern may emerge over time, which eventually results in brain activation patterns that are indistinguishable from non-users (suggested in Fig. 2) .
BOLD response is influenced by cerebral blood flow, often abnormal in marijuana users acutely and subacutely. Up to 36 h since last use, THC intake is associated with increased cerebral blood flow (Mathew et al. 2002) and volume (Sneider et al. 2006) in frontal, insular, anterior cingulate, cerebellum, temporal, and paralimbic regions; reductions in auditory and visual cortex, parietal lobe, and thalamus; and no change in nucleus accumbens, basal ganglia, or the hippocampus (O'Leary et al. 2002) . Although increases in blood flow velocity and cerebrovascular resistance dissipate from 3 to 28 days of abstinence in adults with marijuana use levels consistent with this sample (i.e., 15.9 days per month), very heavy users remained abnormally elevated (Herning et al. 2005) . Thus, increased BOLD response in adolescent marijuana users could reflect residual cerebrovasculature abnormalities, although increased blood flow or volume would likely yield lower BOLD response (Brown et al. 2003) , not greater, as seen here.
This study had several limitations. While groups were equivalent on many demographic variables, intelligence, Fig. 2 Marijuana using adolescents (n=16) show more BOLD response (y-axis displays fit coefficients) during inhibition trials relative to baseline than control adolescents (n=17) in right dorsolateral prefrontal cortex, largely accounted for by users with 1 to 3 years of regular (weekly) marijuana use and task performance, marijuana users had greater alcohol and other substance histories and a trend for more depressed symptomatology. Although activation patterns remained after controlling for these factors, substance and affective differences pose the possibility of synergistic effects, and we have previously found adolescent heavy drinking to be related to abnormal activation patterns on a spatial working memory task (Caldwell et al. 2005; Schweinsburg et al. 2005b; Tapert et al. 2001 Tapert et al. , 2004 . Reduced educational engagement or altered sleep quality related to marijuana use might account for the differences. Critically, the current data cannot ascertain if marijuana use during adolescence produces the observed differences or if abnormalities existed before the onset of regular use. Groups did not differ on proportion with a family history of substance use disorder, and youths with psychiatric diagnosis (e.g., conduct disorder, attention-deficit/hyperactivity disorder) were excluded from the study. Groups were similar with regard to most personality and psychopathological syndrome dimensions but did differ on openness to new experiences and parent report of delinquent behaviors, which also may predate or result from adolescent marijuana use, but did not account for group differences in brain response.
On the other hand, the adolescents who diverged most from normal controls may simply differ on unmeasured risk factors related to the initiation and escalation of substance use. Altered inhibitory processing may make adolescents vulnerable to substance use initiation and escalation. The indication of extra neural effort required to inhibit responses has important implications for adolescent development and future substance involvement. Demands for inhibitory control increases substantially over the course of late adolescence, particularly in school and work environments as well as social and intimate relationships. Consequently, youth required to exert extra neurocognitive effort may be disadvantaged or become less successful in maneuvering the normal transitions of adolescence and young adulthood. Additionally, it may be harder for these youth to inhibit the use of substances, particularly in situations where cognitive demands are strained due to conflicting goals, distractions, peers, substance-relevant cues, or low mood states. Longitudinal studies are needed to see if changes in marijuana use among youth are associated with corresponding changes in brain functions shown abnormal in adolescent marijuana users.
